We calculate the emission of bremsstrahlung from lead and argon ions in A Fixed Target ExpeRiment (AFTER) that uses the LHC beams. With nuclear charges of Ze equal 208 and 18 respectively, these ions are accelerated to energies of 7 TeV×Z. The bremsstrahlung peaks around ≈ 100 GeV and the spectrum exposes the nuclear structure of the incoming ion. The peak structure is significantly different from the flat power spectrum pertaining to a point charge.
Introduction
The structure of stable nuclei, in particular the charge distribution, may be investigated by impact of photons and electrons as e.g. shown in pioneering works by Hofstadter and collaborators, see e.g. [1] . This method, however, is not possible for unstable nuclei with short lifetimes as e.g. hypernuclei. Instead, essentially with a change of reference-frame, one may let the nucleus under investigation impinge on a suitable target, e.g. an amorphous foil, and measure the delta-electrons and/or photons emitted in the process. The interaction thus proceeds between the nucleus and a target electron or a virtual photon similarly originating from the target. With this method the charge distribution may be measured, in this case of the projectile, which might be a nucleus of very short lifetime, γcτ ≃ 1 mm, where γ is the Lorentz factor, c the speed of light and τ the lifetime. With the proposal to extract protons and heavy ions from the LHC for fixed target physics, the so-called AFTER@LHC, such measurements would in principle enable charge distributions, or at least sphericity, for nuclei with lifetimes down to femtoseconds to be extracted. We report calculations of bremsstrahlung emission from Pb and Ar nuclei, with energies corresponding to the maximum of the LHC.
Bremsstrahlung
We study bremsstrahlung emission by relativistic heavy ions. When traversing an amorphous target, the projectile ions interact with the target electrons and nuclei. This causes radiation emission and energy loss to the projectiles.
We focus on the radiation and assume the ion beam to be monoenergetic, that is, we consider targets sufficiently thin that the projectile energy loss is minimal.
To establish a reference value for the cross section, we first consider the incoming ion as a point particle of electric charge Ze colliding with target atoms of nuclear charge Z t e. The major part of the radiation is due to the interaction of the projectile with target nuclei which, in turn, are screened by target electrons at distances beyond the Thomas-Fermi distance, a T F . The cross section differential in energy for the emission of bremsstrahlung photons from an ion with atomic number A then reads [2] 
where α ≡ e 2 / c is the fine-structure, e the unit electric charge and the reduced Plancks constant. The classical nucleon radius is defined as r u ≡ e 2 /M u c 2 , where M u is the atomic mass unit. Expression (1) gives the radiation cross section or power spectrum; it is the number spectrum weighted by the photon energy, ω. The factor L is given by
where we shall study in this paper, photons with energy ω γ c/R have wavelengths smaller than the radius of the ions which cause the emission; making them sensitive to the nuclear structure and collective dynamics of the constituent protons. Taking this into account causes significant change in the shape of the bremsstrahlung spectrum.
The Weizsäcker-Williams method
When the emitted bremsstrahlung photons have a wavelength that is small compared to the nucleus, the size and structure of the nucleus affect the emission. We can investigate this by using the Weizsäcker-Williams method of virtual quanta [2, 3, 4, 5] . In this approach, we represent a moving charged particle by a spectrum of virtual photons which scatter on a stationary charged particle. There are contributions to bremsstrahlung from scattering both on target constituents and on the projectile ion. The latter is the dominant contribution. Hence we change to a reference frame in which the incoming ion is at rest and where we represent the screened target nuclei by a bunch of virtual photons. These photons scatter off the ion and are subsequently Lorentz boosted back to the laboratory frame -resulting in an energy increase by a factor of up to 2γ. This means that the bremsstrahlung can be calculated using the Weizsäcker-Williams method of virtual quanta, photonuclear interaction theory and a Lorentz transformation. For the cross section we take the elastic photonuclear interaction cross section as this ensures the scatterer to remain intact, that is, the incoming ion does not disintegrate in the process of radiation emission. The spectrum of virtual photons is given in [2, 6] . Multiplying this with the photonuclear scattering cross section differential in angle results in the scattering cross section differential in energy and angle. The transformation to the laboratory frame is performed by utilizing an invariance relation [2] and produces the bremsstrahlung power spectrum differential in energy and angle,
for details see [6, 7, 8] .
In Ref. [6] , one of us used this procedure to calculate the bremsstrahlung spectrum of relativistic bare lead ions. This was possible by using the photonuclear interaction data provided in Ref. [9] . However, data for other nuclei is not abundantly available. We therefore developed a procedure to derive the necessary elastic scattering cross sections taking total photonuclear absorption cross sections as input; these are available in the ENDF database for about 100 different nuclei [10] . We obtain the elastic scattering cross sections at low to moderate energies, that is, at energies covering the giant dipole resonance by applying the optical theorem and a dispersion relation to the total photonuclear absortion data, see Ref. [7] . At higher energies additional constraints are invoked to ensure coherence. With this construct, the bremsstrahlung-spectrum can be calculated for any ion for which the total photon absorption cross section is known. Due to the available data, our approach is most exact for lead at energies up to 150 GeV/n. We therefore also provide bremsstrahlung calcu-lations for argon ions at LHC energy in the next section.
Results -Bremsstrahlung
In this section, we present calculations of bremsstrahlung spectra for bare argon and lead ions at 7 TeV×Z incident on a fixed target. Figure 1 shows the power spectrum of bremsstrahlung for lead ions aimed at a lead target. The spectrum obtained by integrating over all emission angles has a pronounced peak around a photon energy of about 80 GeV. This corresponds to the collective interaction of the projectile nucleons with the virtual photons of the target -the giant dipole resonance. This well-known resonance in the photonuclear cross sections is also apparent in the bremsstrahlung spectrum, albeit here multiplied by a factor of 2γ from the Lorentz boost. At energies above the peak, significantly fewer photons are predicted by the current model. This is because coherence is restricted to a decreasing range of photon scattering angles such that most scattering events correspond to incoherent interaction with the projectile protons. Incoherent interaction of an energetic virtual photon with a target proton generally leads to breakup of the nucleus and hence does not contribute to the spectrum. This decreasing contribution from coherent scattering leads to a depletion of the elastic scattering cross section at higher energies, which is apparent also in the bremsstrahlung spectrum. Since the dashed line in Figure 1 extends all the way up to the energy of the ion, the integrated difference between the two curves is very large. The spectrum for argon projectiles is shown on Figure 2 . It is largely similar to that for lead although the overall values are of course much lower. The peak height is approximately 50 times lower, and it must be noted that there is no simple scaling between the heights and shapes of the two spectra (scaling the heights with Z 2 off-shoots by a factor of 2 − 3 here). The lack of such scaling is traced back to differences in the photonuclear scattering cross sections. The argon spectrum is somewhat broader than that for lead and the high energy tail extends to larger energies than for lead. This difference is also present at the elastic scattering cross sections and is due to the different shapes of the argon and lead nuclei. Lead is almost spherically symmetric and this leads to a very narrow giant dipole resonance peak. For argon on the other hand, the nucleus is much less symmetric, and the photonuclear as well as the bremsstrahlung cross sections actually consist of two individual but closely lying peaks (for bremsstrahlung this will show through collimation). Figure 3 shows the bremsstrahlung spectrum obtained for lead ion by integration over emission energy, that is, differential in angle instead of energy.
As expected, there is a peak in radiation intensity at an angle corresponding to 1/γ. For LHC beam energies this means that the bremsstrahlung photons are emitted at angles of order less than 1 mrad. 
Summary and Conclusions
We have presented calculations on the bremsstrahlung emission from relativistic heavy ions with energy corresponding to that of the LHC beam. The calculations are novel in the way that knowledge on nuclear structure is taken into account using existing data on photonuclear cross sections. In addition, our approach has not before been applied to energies above that available at the SPS. We demonstrate that substantial cross sections for the emission of high energy photons are expected around energies of ω ≈ 100 GeV. Here our model produces a radiation peak which overshoots the result for a pointlike particle of the same charge and mass by a factor of roughly 2 and 6 for argon and lead respectively. In the energy regions below and above the peak however, our model produces significantly fewer bremsstrahlung photons than what is otherwise expected. If this holds true against experiments, it implies that the energy loss of the ions through the bremsstrahlung channel is much less severe than previously expected by some authors, cf. [6] .
Our calculations can of course also be performed at lower energies -see [7] for calculated cross sections for energies of about 150 GeV/n. The SPS can accelerate to about 450 GeV×Z so that experiments located in the SPS fixedtarget hall should be able to see this signal. The COMPASS experiment [12] may be a candidate. See also [13] for calculations on delta electron emission from a similar experimental condition as discussed here. Along with bremsstrahlung measurements, such electrons would be highly sensitive to the nuclear charge structure.
If a fixed target facility using the LHC beams is constructed, one could hope for the option to produce secondary beams. With such beams, one could study the bremsstrahlung from short-lived nuclei. If traversing a 1 mm target, the lifetime would be γcτ = 1 mm =⇒ τ ≈ 4 · 10 −16 s.
